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To determine the purity of carbon nanotubes (CNTs), the effectiveness of some inorganic substances
to catalyze the Boudouard reaction, investigated by thermogravimetric experiments, was studied. The
performance, in terms of ability to separate the feature of CNTs from the features of other components,
of various catalyst powders (NiO, Rh, Cr,03), thoroughly mixed with carbonaceous simulated mixtures,
was checked under a pure CO, stream and compared without catalyst in the same operating condi-
tions. The sequential removal of carbon up to 1200 °C by pure CO, from a real sample of MWCNTs
was characterized by TEM, XRD, and micro-Raman spectroscopy the carbonaceous fraction residues at
each stopping temperature. Some evidence of the poor reliability of Raman spectroscopy in detecting the
CNT purity are discussed. The procedure to perform thermogravimetry of simulated mixtures under pure
CO; at different weight compositions constituted by active carbon, MWCNTs, graphite, and Cr,O3 as
catalyst was tested. The average relative error between the expected and found weight contents was
within +6%. The same procedure was also adopted to solve a simulated mixture of two kinds of MWCNTSs

having external diameter in a ratio of ~1:10 and a very different number of walls.

Introduction

In the last 15 years or so since their discovery, carbon
nanotubes (CNTs) have been playing a major role worldwide
in research activities in so many areas of basic science' and
technology because of their unique properties suitable for
many current and potential applications.> Some materials
containing CNTs are already on the market, though at present
time the world production capacity is apparently quite
limited. The figure of the effective capacity becomes
decidedly reduced when nanotubes are selected for size,
purity, number of walls, etc. The average price of 95% purity
MWCNTs having selected distributions in diameter and
length is still too high. This fact severely limits a diffuse
utilization of MWCNTs for technological applications. One
of the most interesting mass applications of MWCNTs is
the fabrication of structural composite materials. As an
example to evaluate the figures involved, it was found?® that
the performances of the concrete (improvements both in
compressive strength, + 25 N/mm?, and flexural strength,
+ 8 N/mm?) were improved by addition of MWCNTs at
the level of a few weight percent. Because of the high price
of MWCNTs no high performance concrete with MWCNT's
is on the market. A significant reduction of the MWCNT
price would open a large market. To be conservative, suppose
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we utilized just 1 wt % MWCNTs in the high-performance
concrete (HPC). HPC represents now 5% of the world
production of concrete, which is estimated 1.6 x 10° ton/
year.* This implies a potential world market of MWCNTs
around 800 kton/year. There are other important mass ap-
plications such as the fabrication of tires, composite fibers,
and electrical cables made of composite conductive fibers,
etc., where MWCNTs could be utilized, provided that their
price becomes competitive. The global market for carbon
nanotubes will be worth $807.3 million by 2011. According
to a new and updated technical market research report,” the
global market for carbon nanotubes was $50.9 million in
2006 and is expected to grow up to $79.1 million by the
end of 2007. At a compound annual growth rate (CAGR) of
73.8%, the market will reach $807.3 million by 2011.

The typology of the present and forecasted applications
of CNTs depends even more strongly on their purity, and
the attainment of a high level of purity is still a problem far
from being solved.® The main sources of impurities are the
residues of catalyst used and other carbonaceous species. The
growth of CNTs requires the use of supported or unsupported
catalysts that remain inevitably in the final product even after
an accurate purification. This is due to the trapping of catalyst
nanoparticles inside the CNTs, where the chemicals utilized
for the catalyst removing cannot go in contact with them.
Depending on the kind of catalyst utilized and synthesis
conditions, the nucleation and growth of the CNTs can occur
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by catalyst nanodusting, as in the case of unsupported
catalysts,7’8 and the final product is mainly constituted of
CNTs having a catalyst nanoparticle attached at one of their
ends. In this case, the removal of the catalyst can be almost
complete.

Unfortunately, the carbon nucleation from the gaseous
phase is never oriented only to the growth of CNTs;
amorphous and/or graphitic carbon is simultaneously pro-
duced in some extent. Once the catalyst is fixed, this depends
greatly on the synthesis temperature. The higher the tem-
perature synthesis, the lower the amount of carbon formed
as CNT carbon. Noncatalytic routes to MWCNTSs (some
types of the arc discharge and pulsed laser ablation deposi-
tion, PLAD, techniques, for instance) are also affected by
the contamination from other carbonaceous forms. The same
situation is normally found also in the synthesis of single-
walled CNTs (SWCNTSs).

One of the main tasks in qualifying the CNTs is the
quantitative determination of the various forms of carbon
present in a sample. The micro-Raman spectroscopy’ (MRS)
and thermogravimetry'® (TG), along with differential ther-
mogravimetry (DTG), are the techniques proposed in the
literature. Transmission electron microscopy (TEM) always
gives important support to both techniques.

As will be discussed later, MRS gives only qualitative
information that rarely represents the real composition of
the bulk sample and the capability to discriminate the various
sp” forms of carbon is generally poor. TG and DTG have
the potential to satisfy all of the requirements: quantitative,
selective, accurate, and easy to manage. The composition
of the gas phase and the presence of embedded or added
catalysts to the sample are key factors to performing a
successful and reproducible quantitative determination by TG
of different CNT types together with other forms of carbon.

The scope of this work is to give a contribution in
improving the purity determination in terms of carbon as
CNT form by TG/DTG measurements of samples in a CO,
atmosphere. To separate the feature of CNTs from other
components, we performed the selection of a suitable catalyst
to add to the carbonaceous mixture.

State of the Art

The first papers'"!'? dealing with the oxidative determi-
nation of CNTs in carbonaceous samples were published in
1993; in both cases, oxidation by air was performed. The
capability of discriminating among various carbon forms is
markedly reduced when pure oxygen or oxygen containing
mixtures are used. This is due to the large exothermic effect
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Figure 1. Standard free energy change against absolute temperature of (left
scale) the Boudouard reaction (1) with different forms of carbon and (right
scale) the combustion of graphite in pure oxygen.

caused by the combustion of any carbon form that activates
almost simultaneously the reactions of all the carbonaceous
species present in the sample. This fact has been reported
by several authors,'®!3~15 and confirmed in the present work,
as will be shown later. The reaction of CO, with a
carbonaceous species, C;, is very well-known as the Boud-
ouard reaction

C;+ CO4(g) = 2CO(g) (1)

The standard free energy change of this reaction for
graphite'® (reference state), diamond,'® and MWCNTs'” is
plotted against temperature in Figure 1 and compared with
the combustion of graphite. The average values of ArH® in
the 600—1400 K range are, respectively, 171 £ 2 and —394.6
+ 0.5 kJ mol ™! with C; = graphite. At the standard reference
state, thermodynamics states that reaction 1 occurs only
above a given temperature, whereas the combustion reaction
is possible at any temperature. Because of possible consecu-
tive kinetic activations, the positive value of enthalpy of
reaction 1 is very useful in avoiding the process of overlap-
ping when TG is carried out on samples containing more
than one carbonaceous species. The carbon-gas reaction was
extensively studied'®?° and the kinetic model based on
Langmuir-type adsorption is generally accepted. The rate-
limiting step is the decomposition of the oxygen-containing
species adsorbed on the carbon surface to evolve into the
final gaseous products.?' In the absence of suitable catalysts,
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the release of CO in reaction 1 is slower than the release of
CO, in the case of the combustion. Therefore, on a
thermodynamic basis, although reaction 1 is expected to work
better for differentiating mixtures of carbonaceous materials,
on a kinetic basis, the hindered release of CO from the
surface reduces the possibility of discriminating the various
species in a TG experiment. The catalysis of the Boudouard
reaction drew interest*>?® because several industrial processes
involve CO, to remove carbon from deactivated catalysts;
produce activated carbon, coal-fired power generation, and
steel making in a blast furnace; and avoid undesirable
reactions in carbon-based nuclear fuels, etc. Various mech-
anisms have been proposed for the catalyzed Boudouard
reaction, and in the case of the metal-catalyzed reaction, the
most adopted mechanism is the “spill-over” mechanism.**
The chemisorption with dissociation of molecular oxygen
on the metal catalyst surface is followed by migration of
oxygen atoms to nearby carbon substrate, and CO formation
takes place on the carbon surface. Another well-known
mechanism is the “carbon-dissolution” mechanism, which
is especially favored in the case of nickel catalysts. Dissolved
carbon in nickel is more reactive than original carbon.?

The information reported in the literature on the catalyzed
Boudouard reaction have been utilized in the present work
and applied to the not yet solved problem of determining
CNTs in a carbonaceous sample. This was done first in CNT
synthetic samples by using TEM and MRS for the sequential
identification of carbonaceous species removed selectively
by CO; treatment, and then by looking for the best catalyst
to differentiate CNTs when they, as pure material, are
arbitrarily mixed with other carbon forms.

Experimental Section

(a) Materials. Graphite powder (synthetic, 1—2 um) and
activated carbon (Norit RB 10.6 pellets) were purchased from
Aldrich; Cr,O3 (325 mesh, 99.7%) from Cerac; Rh (>99%) from
Engelhard. NiO was prepared by calcination at 600 °C of
Ni(NOs3),+6H,0 (Aldrich). Three types of MWCNTSs were prepared
by thermal decomposition of methane (Rivoira, 99.95% purity) on
three different catalysts. Two of these catalysts were unsupported
ball-milled NdNis and Nd,Fe;; intermetallic compounds. These
compounds were synthesized by electron beam melting in high
vacuum of pressed pellets made of the appropriate amounts of
powders of the constituent elements.?® Ni (100 mesh, 99.99%) was
purchased from Aldrich; iron (150 um, 99.9%) from Merck;
neodymium (40 mesh, 99.9%) from Chempur. After the synthesis,
the intermetallics were ball-milled overnight in a steel jar. The third
catalyst used was a dispersion of 1:1 (atomic ratio) Fe—Co alloy
nanoparticles on silica aerogel (10% of Fe+Co by weight). The
details of its preparation are given elsewhere.>” Methane decom-
position was operated at 500 °C in the case of NdNis, and at 600
°C for Nd,Fe;; and for the aerogel supported catalyst. The details

(22) Walzer, P. L., Jr.; Shelef, M.; Anderson, R. A. In Chemistry and
Physics of Carbon; Walzer, P. L., Jr., Ed.; Dekker: New York, 1968;
Vol. 4.

(23) McKee, D. W. In Chemistry and Physics of Carbon; Walzer, P. L.,
Jr., Trower, P. A., Eds; Dekker: New York, 1981; Vol. 16.

(24) Tomita, A.; Tamai, Y. J. Catal. 1972, 27, 293.

(25) Trimm, D. L. Catal. Rev. Sci. Eng. 1977, 16, 155.

(26) Latini, A.; Di Pascasio, F.; Gozzi, D. J. Alloys Compd. 2002, 346,
311.

(27) Casu, A.; Casula, M. F.; Corrias, A.; Falqui, A.; Loche, D.; Marras,
S.; Sangregorio, C. Phys. Chem. Chem. Phys. 2008, 10, 1043.

Gozzi et al.
" | | |
| — - -MWCNTSs (aerogel)
| — — -graphite
——activated carbon
----- MWCNTS (NdNi,)
s MWCNTS (NdFe,,)
100 e — |
g
0
12
o
=
2
o +--PUCY, L be N L
=
c '
Q |
2 |
© H
o |
0 | |
; ( b
0 400 800

temperature /°C

Figure 2. Carbon weight loss in pure oxygen of all the carbonaceous phases
utilized in the present work.

of the apparatus utilized for CNTs synthesis is reported in literature.”
In all cases, the catalysts were heated to the operating temperature
in a stream of Ar (99.9995%), and Ar was then substituted by
methane. The flow rate of methane in all experiments was 5 sccm
(cm*min @ STP). MWCNT samples obtained from NdNis and
Nd,Fe,; were purified from the catalyst by repeated hot 1:1 HCI
treatments. In the case of CNTs prepared with aerogel catalyst,
they were purified by a first treatment in hot 10 M NaOH to dissolve
the silica matrix, followed by hot 1:1 HCI treatments to remove Fe
and Co. TG in pure O,, as reported in Figure 2, determined the
impurity content of all the carbonaceous materials used in this work.
In the case of CNTs, the residue is constituted by traces in the
form of oxidized species of catalyst, which was used for their
growth. This aspect will be treated in detail later on for MWCNTs
grown on Nd,Fe;;. The purity of carbon dioxide and oxygen used
during TG experiments was, respectively, 99.998 and 99.999%.

(b) Thermogravimetry. Thermogravimetric measurements were
performed by a Netzsch STA 409 PC Luxx thermobalance
(temperature range: RT to 1500 °C; resolution: 2 ug) in simulta-
neous DTA-TG mode. Temperature was measured by means of a
S-type thermocouple (Pt—Pt/Rh 10%). The thermocouple was
calibrated against the melting points of In, Sn, Bi, Zn, Al, Ag, Au
and Ni. All the measurements were performed in alumina crucibles.
The CO, flow rate used in the experiments was 42 sccm. A
correction measurement without sample was performed and sub-
tracted to the TG and DTG curves of the samples.

(c) Transmission electron microscopy. TEM images were
acquired with a JEOL 2000FX transmission electron microscope
operating at 200 kV (source, LaBg; resolution, 0.28 nm). Samples
for imaging were prepared by ultrasonic dispersion of small amounts
of powders in isopropanol and then putting a drop of the dispersion
on carbon-coated copper grids.

(d) XRD. X-ray diffraction patterns were acquired using a
Panalytical X’Pert Pro diffractometer (Bragg—Brentano geometry,
radiation Cu Koal, 4=0.154056 nm) equipped with a gas filled
proportional detector. The K/ radiation was cut by a Ni filter, while
the Ko2 contribution to the obtained pattern was removed using
the diffractometer software.

(e) Micro-Raman Spectroscopy. The samples were character-
ized by making use of a Renishaw inVia Raman Microscope (UK)
equipped with Ar laser (1 = 514.5 nm, Ar™).

Results

(1) (TG comparison in Different Conditions of a Sim-
ulated Sample of CNTs. Figure 3A shows the DTG
behavior of a same sample of simulated mixture carried out
in pure O, pure CO,, and pure CO, with the addition of
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Figure 3. Thermogravimetry of a simulated mixture comprising activated
carbon, MWCNTs grown on NdNis, and graphite in a 1:1:1 weight ratio at
1 °C min~'. Comparison of the behavior in different environments: pure
O,, pure CO,, and sample thoroughly mixed with Cr,O3 in pure CO,. (A)
DTG; (B) comparison between the thermogravimetry in pure O, of activated
carbon and a 1:1:1 mixture in the temperature range where the intense DTG
feature of panel A is displayed. (Left scale) DTG of the mixture and
activated carbon; (right scale) carbon weight loss of the mixture.

Cr,0; to the sample. The mixture comprises activated carbon,
MWCNTSs synthesized using NdNis® as catalyst, and graphite
in a 1:1:1 weight ratio. To perform a correct comparison,
we normalized the DTG curve of the sample with Cr,03 to
the total weight of carbon. The most intense DTG peak of
the curve in pure O, is compared in Figure 3B with the DTG
curve of a sample made of activated carbon only and burned
in O,. It is displayed in the right scale of the same plot as
the corresponding TG curve of the mixture in O,. Though the
content of activated carbon in the mixture is 33 wt %, the
corresponding weight loss is ~70 wt %. This implies that other
species react almost simultaneously with activated carbon.
It is evident that the TG performed under CO, gives a better
resolution, which becomes decidedly higher when the sample
is thoroughly mixed with the catalyst.

(2) Identification Procedure of Carbonaceous Species
in a Synthetic MWCNT Sample. Figure 4 shows the TG
and DTG curves obtained in CO, on a sample of MWCNTSs
synthesized under methane by utilizing Nd,Fe;;*® powder
as unsupported catalyst. Three different phases, Ca, Cp, and
Cc, have to be identified. To do this, two other distinct TG
runs should be performed on the original sample by stopping
each run of the temperature ramp at values T, and Tg. At
Ta, Ca has been removed, and at 7y, both C, and Cg have

(28) Gozzi, D.; Iervolino, M.; Latini, A. J. Chem. Eng. Data 2007, 52,
2350.
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Figure 4. Thermogravimetry at 1 °C min~ " in pure CO, of MWCNTs grown
on Nd,Fe 7. Temperatures T and Tg are the stopping temperatures at which
fractions S; and S, were selected. (Left scale) Carbon weight loss; (right
scale) DTG.

been eliminated from the sample. At this point, the residue
is constituted by Cc only. Therefore, to this end, three
different samples, S;, should be examined: So = Cx + Cp +
Cc (the original one), S; = Cg + C¢, and S, = Cc. The
TEM photos of the above S; samples are reported in Figure
5 and the respective MRS spectra in Figure 6.

It is worth noticing that the TG curve in Figure 4 shows
a good separation of the carbonaceous components even if
no catalyst was added to the sample. This is explained by
the presence of Nd,Fe; catalyst though the chemical removal
of the catalyst after the synthesis. Because of a nucleation
and growth process,”® which shows differences from the
mechanism proposed in the literature’ when NdNis® is the
catalyst of the MWCNT synthesis, some nanoparticles remain
partially embedded in the growing MWCNTSs and in the S,
fraction. This represents an almost ideal dispersion of a
catalyst, the activity of which becomes high even if its
content is undetectable by TG (see Figure 4), whereas it is
clearly detectable by XRD (see Figure 7) through the
oxidized species found in the S, fraction by means of the
comparison with XRD database.*® By Powdercell software
analysis of the diffraction pattern, the estimated catalyst
content in Sy is expected to be less than 1 wt %.

(3) Choice of the Best Catalyst. According to literature
several substances can properly catalyze the Boudouard
reaction: alkali carbonates,>'>? transition metals, their
oxides.**-** For the present task, the catalyst to add to the
CNT sample should have some basic requirements: (a) no
weight change in the TG operative conditions; (b) no solid-
state reaction with the carbon matrix; (c) easy to manage
without any particular precaution; (d) available as a very fine
powder. A certain number of substances may match the
above requirements. Three of them have been tested: Cr,O3,
NiO, and Rh. The first two were recently studied” over the
temperature range 850—1100 °C specifically for the catalyzed
gasification kinetics of carbon by CO,. Rh was tested because

(29) Gozzi, D.; Latini, A.; Tomellini, M. Paper in preparation.
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(31) Rao, Y. K.; Han, H. G. Ironmaking Steelmaking 1984, 11, 308.
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Figure 5. TEM photos of initial sample Sy and fractions S; and S, obtained
from the thermogravimetry of Figure 4.

it is a typical oxidation catalyst. Figure 8A shows the TG
curves in pure CO, of simulated mixtures the composition
of which is given in Table 1. The respective DTG curves
are plotted in panel B of the same figure. The insert refers
to the sample with catalyst NiO. Both TG and DTG curves
are normalized with respect to the total weight of carbon
with the exception of the curves performed without catalyst.
NiO makes the Boudouard reaction so fast that no reliable
resolution of the mixture components is possible. The
anomalous behavior found with NiO will be treated in the
discussion section. Though Rh shows a different behavior
from NiO, in this case also, the resolution is not satisfactory.
Cr,03 works properly and its behavior was studied in detail.

(4) Simulated Samples of CNTs with Cr,0; as Cata-
lyst. The TG and DTG behavior in pure CO, with Cr,03
and without catalyst are reported in Figure 9 for all the pure
components (activated carbon, MWCNTs (NdNis), MWCNTs
(aerogel), graphite) used to prepare the simulated mixtures.
To allow a correct comparison between the curves, the data
of the experiments with catalyst were all normalized to the

Gozzi et al.
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Figure 6. Micro-Raman spectra (Ar* laser at 514.5 nm) of the initial sample
So and fractions S; and S, obtained from the thermogravimetry of Figure
4. The line at 2331 cm ™' is the line of air N,. The features other than D,
G, and G' bands should be attributed to the oxidation products of NdFe;7
catalyst. The ratios between D, G, and G’ band intensities are reported in
Table 3

total carbon weight loss (CWLN). Throughout Figure 9
Cr;03 and carbonaceous materials were mixed to ensure a
Cr,03/C weight ratio close to 3. The averaged value was
2.9.

To test the ability of Cr,Os to perform a reliable dif-
ferentiation of CNTs in a carbonaceous matrix, some
mixtures were prepared by mixing the MWCNTs, synthe-
sized by NdNis catalyst, each time with a different weight
ratio combination of graphite and activated carbon. Figure
10 shows 4 panels that display the TG (left scale) and DTG
(right scale) behaviors with and without catalyst. In each
panel, it is also reported the CWLN TG curve. The initial
weight percent compositions of each mixture are given in
Table. 2, together with the weight ratio between Cr,O3; and
total carbon in each sample. In the same table, the weight
content found for each component of the mixture and the
experimental total weight loss are also reported. The way
by which the compositions were taken up from the experi-
mental curves is displayed in the same figure by following
the dashed lines. The points localized on each DTG curve
and corresponding points on the CWLN TG curve define
the related carbon weight loss, i.e., the component content
in the mixture. The measured contents displayed in Figure
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10 should be normalized to 100 because they are computed
starting from the weight loss of activated carbon impurities
at temperatures around 100 °C (see inset in the activated
carbon panel of Figure 9).

The behavior of a simulated mixture constituted by two kinds
of MWCNTs (synthesized using NdNis and Fe—Co aerogel
catalysts respectively) is reported in Figure 11. The two vertical
gray strips refer to the DTG minima of the corresponding curve
of the pure samples shown in Figure 9. Figure 12 demonstrates
that the chosen samples of MWCNTs are different in both
diameter and number of walls. MWCNTs in panel A are those
synthesized using NdNis as catalyst and their average diameter
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Figure 8. Thermogravimetry at 1 °C min~ ' in pure CO, of simulated

mixtures thoroughly mixed with different catalysts and without catalyst.
The initial carbon composition with respect to the total carbon content of
each mixture is reported in Table 1 (A) Carbon weight loss normalized to
the total carbon weight loss; (B) DTG normalized to the total carbon weight
loss. The inset shows the detail of DTG peak in the case of NiO catalyst.

Table 1. Initial Composition of the Mixtures of Figure 8

Wcz\lalysl/
catalyst activated C (%) MWCNTSs” (%) graphite (%) Wiotal carbon
32.0 46.7 21.3 0
Cr03 31.9 21.3 46.8 34
Rh 333 333 333 2.0
NiO 333 33.3 33.3 2.2

“ Synthesized by NdNis catalyst.®

is about an order of magnitude larger than the MWCNTSs in
panel B. The data coming from the graphical evaluation
performed on Figure 11 are given in Table 2.

Discussion

The trends shown in Figure 4 refer to a real sample where
we know?? that the nucleation and growth of MWCNTs
occurs together the formation of a not negligible quantity of
other carbonaceous phases. Also, very defective MWCNTSs
should be considered embedded in these phases. Before
discussing the above results, it is necessary to stress the point
that it is practically impossible to drive a synthesis of CNTs
without the simultaneous formation of a multiplicity of
carbonaceous phases and with a sharp size distribution of
CNT diameter and length. Therefore, the study of simulated
mixtures appears the most practicable way to find the right
procedure to catch information on how to proceed to identify
and quantify CNTs in a real sample. On the other hand,
simulated mixtures and real samples differ by several aspects.
One of the most relevant is that a given component of the
mixture can be different for structure, defectivity, particle
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Figure 9. Thermogravimetry at 1 °C min~' in pure CO, with and without
Cr,03 of each carbonaceous component of the simulated mixtures. The inset
in the activated carbon panel displays the thermogravimetry behavior in
the temperature range from RT to 200 °C. (Left scale) Carbon weight loss
normalized to the total carbon weight loss; (right scale) DTG normalized
to the total carbon weight loss.

size, adsorbed species, etc., from the same component in the
real sample. Furthermore, the embedding degree among
the various phases is another crucial factor that cannot be
adequately simulated. Looking at Figures 4 and 5 (panel S)),
one can observe that at 74 the MWCNTs are almost absent
and at that temperature the carbon weight loss is 86.6%. This
fraction is constituted mostly by a graphitic phase, short stubs
of MWCNTs, and oxidized catalyst nanoparticles. Short stubs
of MWCNTs are no more present in the fraction S, at 75,
which is composed only by a graphitic phase and oxidized
catalyst nanoparticles. This is confirmed through the feature
of graphite at 20 = 26.22° and the features of the oxidized
species of the Nd,Fe;; catalyst as reported in the XRD
spectrum of Figure 7.

At T close to Tg, a sharp peak in DTG is present that
corresponds in TG to a carbon weight loss change of 3.5%
likely attributable to a small fraction of CNTs with homo-
geneous characteristics.

Gozzi et al.
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Figure 10. Thermogravimetry of 4 simulated mixtures comprising activated
carbon, MWCNTs (NdNis), and graphite at 1 °C min~ "' in pure CO, with
catalyst Cr,O3. The initial and found compositions are given in Table 2
together with the experimental total carbon weight loss and the weight ratio
between catalyst and carbonaceous mixture. In each panel is shown by
dashed lines the graphic procedure to measure the weight contents. The
three vertical grey strips each refer to the corresponding DTG minimum of
the pure component when tested mixed with Cr,0O3, as reported in Figure
9. (Left scale) Carbon weight loss normalized to the total carbon weight
loss and carbon weight loss as found; (right scale) DTG normalized to the
total carbon weight loss.

As already mentioned, the satisfactory resolution of the
components in the MWCNT sample of Figure 4 should be
attributed to the presence of embedded low quantities of
Nd,Fe,; nanoparticles, which properly catalyze the Boud-
ouard reaction. This does not imply that Nd,Fe;; powder
could be added as catalyst to a MWCNT sample to perform
our TG experiments. In fact, because of the reaction with
CO,, a weight increase of 69.8% is expected if the complete
oxidation of Nd,Fe;; occurs. This positive weight change
would be superimposed to the carbon weight loss. Further-
more, it is obvious that the contact between the Nd,Fe;;
powder and MWCNTs would not be so efficient as expected
in the nanostructured configuration.
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Figure 11. Thermogravimetry of a simulated mixtures composed of two
kinds of MWCNTs from NdNis and Fe—Co aerogel as respective catalyst
at 1 °C min~! in pure CO, with catalyst Cr,O3. The initial and found
compositions are given in Table 2 together with the experimental total carbon
weight loss and the weight ratio between catalyst and carbonaceous mixture.
The graphic procedure to measure the weight contents is shown by dashed
lines. The two vertical grey strips each refer to one to the corresponding
DTG minimum of the pure component when tested mixed with Cr,0O3, as
reported in Figure 9. (Left scale) Carbon weight loss normalized (CWLN)
to the total carbon weight loss and carbon weight loss as found. (Right
scale) DTG normalized (CWLN) to the total carbon weight loss.

According to literature,’ the ratios In/lg, Ig/lg, and Ig/Ip,
where [ stands for intensity of the D, G, and G’ bands in the
Raman spectrum of a carbonaceous sample, are related to
its purity in terms of carbon as MWCNTs. The D band is
indicative of defects in the MWCNT sample, (i.e., carbon-
aceous impurities with sp® bonding, broken sp? bonds in the
sidewalls). The G band results from the graphitic nature of
the sample (i.e., crystallinity of the sample, pristine arrange-
ment of atoms), and the G’ band is indicative of long-range
order in a sample and arises from the two-phonon, second-
order scattering process that results in the creation of an
inelastic phonon.*®

The above ratios measured on the spectra of Figure 6 are
reported in Table 3, together with the purity calculated according
to the relationships given in ref 9. In the same table, the carbon
weight loss measured by TG in Figure 4 is given. Considering
that the fraction S is constituted by 86.6 wt % MWCNTs (see
panel Sy in Figure 5 and TG curve of Figure 4 at T»), the values
of the calculated purities in Table 3 do not agree with the
experimental ones, especially for S; and S, fractions. The G’
band was assumed able to discriminate between graphite and
MWCNTSs,’ but it appears to be sample-dependent. Looking
at the graphite Raman spectrum (see Figure 6, fraction Sy), the
G’ band is positioned at 2680 (2715) and 2695 (2738) cm™ ',
respectively, for MWCNTs and graphite. The values in brackets
are the wavenumber values of the G’ band given in the above
reference. On the other hand, the right position of the N, peak
excludes any instrumental shift in the wavenumber scale. This
behavior is also confirmed®® by the position of G' band for
MWCNTs grown on NdNis (2693 cm ') and Fe—Co aerogel
(2701 cm™ ") catalysts. If the same procedure’ were applied to
the graphite Raman spectrum (see Figure 6, fraction Sy), the
result would be a sample containing 90 w% of MWCNTs (see

(36) Saito, R.; Griineis, A.; Samsonidze, Ge. G.; Brar, V. W.; Dresselhaus,
G.; Dresselhaus, M. S.; Jorio, A.; Cangado, L. G.; Fantini, C.; Pimenta,
M.; Souza Filho, A. G. New J. Phys. 2003, 5, 157.
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Table 3). The features other than D, G, and G' bands should
be attributed to the oxidation products of Nd,Fe,; catalyst.

It is interesting to discuss the behavior of the Boudouard
reaction when the carbonaceous mixture is thoroughly mixed
with NiO as given in Figure 8. The CWLN curve shows at
900 °C a negative minimum that corresponds exactly to the
weight of oxygen contained in the NiO dispersed in the
sample. This implies clearly the complete reduction of NiO
to Ni. The weight loss centered at 752 °C (see inset in Figure
8B) is so abrupt that it is expected that NiO acts as a true
reagent instead of as catalyst. On a thermodynamic basis,
the solid-state reactions

NiO(s) + C = Ni(s) + CO(g) 2)

and

,NiO(s) + C = Ni(s) + CO2(g) 3)

could occur. Reaction 2 becomes favored starting from 717
K whereas reaction 3 is favored in the full operating range
of temperature.'® The combination of reaction 1 with the
Boudouard reaction gives reaction 3. Since the experiments
are carried out in pure CO,, it is expected that for law mass
action reasons, reaction 1 is strongly hindered. Just Ni is
formed, the reaction

Ni(s) +CO,(g) = NiO(s) + CO(g) 4)

which restores the initial weight of NiO, takes place provided
the ratio pCO/pCO, < 6.5 x 102 at 1173 K. This condition
is likely satisfied in a stream of pure CO..

By inspection of Figure 9, one observes that with the
exception of activated carbon, all the tested carbonaceous
materials show the DTG peak positioned at higher temperatures
when they are mixed with Cr,Os. The difference is large for
the two tested samples of MWCNTs (~100 °C), just 40 °C for
graphite and —23 °C for activated carbon. This behavior could
be explained in terms of the effectiveness of the contact between
the mixed powders. Activated carbon used in this work has a
surface specific area of ~1000 m?g~"; this large value ensures
an intimate contact of the catalyst with the activated carbon
powder. Graphite tends to adhere to other materials, whereas
MWCNTs do not wet. Although that, the catalyst effectiveness
is maintained as demonstrated by the DTG feature at 925 and
939 °C, respectively, for MWCNTs (aerogel) and MWCNTs
(NdNis), which display the presence of another component
undetectable without catalyst.

The TG and DTG curves displayed in Figure 10 of
simulated mixtures composed by active carbon, MWCNTSs
(NdNis), and graphite have been utilized to check the
effectiveness of Cr,O; to distinguish and quantify each
carbonaceous phase. Table 2 compares the given weight
content of each phase with that one found experimentally.
In each panel of Figure 10, the graphic procedure to measure
the weight contents is shown by dashed lines. In the same
figure, three vertical grey strips are plotted each one
corresponding to the DTG minimum of the pure component
when tested mixed with Cr,Os, as reported in Figure 9. In
the case of the mixtures, the position in the temperature scale
of the corresponding DTG minima is different. It is evident
that a certain degree of convolution exists even if the
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Table 2. Initial and Found Compositions of the Mixtures in Figures 10 and 11 (Cr;0j3 is the catalyst)

mixture activated C (%) MWCNTSs* (%) MWCNTs” (%) graphite (%) Weatatyst/ Weotal carbon C weight loss (%)

A given 31.9 21.3 46.8 2.6 26.5
found 31.6 21.0 474

B given 33.3 333 33.3 3.0 25.5
found 354 30.5 34.0

C given 11.8 81.0 7.2 2.5 27.5
found 11.3 82.3 6.3

D given 6.5 79.3 14.2 2.5 27.7
found 7.2 80.5 12.3
average relative error (%) 3.0 —-1.7 —5.6

E° given 71.8 28.2 3.6 27.6
found 67.3 224 10.3

“ Synthesized by NdNis catalyst.® * Synthesized by Fe—Co catalyst dispersed in aerogel.?” ¢ Figure 11.

presence of Cr,Os gives a decisive contribution to the
separation. All the efforts performed to deconvolute the DTG
curves did not give satisfactory results, mostly because of
the numerical procedures that need to arbitrarily impose the
peak fitting and baseline parameters. The graphical procedure
displayed in Figure 10 gave the best matching between
the expected and found data. As shown in Table 2, the
average relative error is within £ 6%.

The evaluation through Figure 11 of a simulated mixture
composed by two kinds of MWCNTSs gave weight contents
lower than expected. The evidence for another graphite-like
phase that is close to 10 wt % is displayed. This agrees well

Figure 12. TEM photos of the two kinds of MWCNTs used in the present
work. (A) MWCNTs grown on NdNis® as catalyst. (B) MWCNTs grown
on Fe—Co aerogel®’ as catalyst.

Table 3. Ratios of the Band Intensities of Raman Spectra of Figure 6
C weight loss (%)

ID/IG IG'/IG IG'/ID (Figure 4)
So 0.52 0.68  1.30
caled purity % 67 78 68
N 0.49 0.80 1.62 86.6
caled purity % 71 104 79
S, 0.30 0.62 207 92.8
caled purity % 100 64 90
graphite (nuclear grade) 0.28 0.65 229 97.0¢
caled purity % 103 71 95 90"

“ Figure 9. Calculated purities computed according to the relation-
ships in ref.” » As average value of the three ratios.

with the point outlined before about the presence of another
phase in the DTG curves of MWCNTs (aerogel) and
MWCNTs (NdNis) (see respective panels in Figure 9). Both
kinds of MWCNTs have the same phase but in different
proportion from that which appears as a whole in Figure 11
at temperatures with graphite.

Conclusions

This work gives a contribution to the determination of CNTs
in a carbonaceous matrix through use of thermogravimetry
under the operating conditions of the Boudouard reaction
catalyzed by Cr,Os. The results obtained should be considered
an effective improvement with respect to the previous efforts
reported in the literature to give solution to the problem of
checking the CNT purity. The thermogravimetry carried out in
pure O; or in pure CO, as well as the Raman spectroscopy per
se cannot guarantee reliable results. The way undertaken in this
work to perform thermogravimetry of a carbonaceous sample
mixed with a suitable catalyst in a pure CO, atmosphere is more
promising. Further work should be done to improve the
selectivity by looking for catalysts more effective than Cr,Os.
A tentative rule to look for other suitable catalysts is to test
oxides having the following features: (i) values of the free
energy change of formation per mol of O, at operative
temperatures, comparable with the values of Cr,Os; (ii) metal
characterized by mobile valence; (iii) no change of the oxide
stoichiometry, i.e., at the end of reaction, the oxide retains the
initial stoichiometry. Cerium oxide (CeO,), for example,
matches this rule.
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